Holo glutaredoxin (Grx) is a homo-dimer that bridges a [2Fe-2S] cluster with two glutathione (GSH) ligands. In this study, both monothiol and dithiol holo Grxs are found capable of transferring their iron-sulfur (FeS) cluster to an apo ferredoxin (Fdx) through direct interaction, regardless of FeS cluster stability in holo Grxs. The ligand GSH molecules in holo Grxs are unstable and can be exchanged with free GSH, which inhibits the FeS cluster transfer from holo Grxs to apo Fdx. This phenomenon suggests a novel role of GSH in FeS cluster trafficking.
INTRODUCTION
In the past years, several glutaredoxins (Grxs) were found to form a holo dimer bridged by a [2Fe-2S] cluster with two external glutathione (GSH) ligands (Lillig et al., 2005; Feng et al., 2006; Johansson et al., 2007 Johansson et al., , 2011 Picciocchi et al., 2007; Rouhier et al., 2007; Bandyopadhyay et al., 2008; Couturier et al., 2009; Iwema et al., 2009; Li et al., 2010; Couturier et al., 2011; Yeung et al., 2011) . Five structures of holo Grxs were also determined (Lillig et al., 2005; Feng et al., 2006; Johansson et al., 2007; Rouhier et al., 2007; Iwema et al., 2009; Couturier et al., 2011; Johansson et al., 2011) . Meanwhile, increasing evidence suggests that Grxs have an important function in the regulation of iron homeostasis and in iron-sulfur (FeS) cluster biogenesis (Lillig et al., 2008; Rouhier et al., 2010) . Human Grx2 was found to exchange its [2Fe-2S] cluster with the human FeS cluster scaffold protein ISU (Qi and Cowan, 2011) . In addition, inhibition of human Grx2 with siRNA decreases mitochondrial complex I and aconitase activities in a mammalian dopaminergic cell line (Lee et al., 2009 ). The yeasts cytosolic Grx3p and Grx4p can form a [2Fe-2S] cluster containing homo-dimers or Grx3/4p-Fra2p hetero-dimers with a [2Fe-2S] cluster, and function in intracellular iron sensing and trafficking (Li et al., 2009; Herrero et al., 2010; Muhlenhoff et al., 2010) . Yeast Grx5p was found to participate to the FeS cluster assembly in mitochondria; and in a grx5 deletion mutant, several FeS cluster containing enzymes exhibit lower activities (Muhlenhoff et al., 2003; Alves et al., 2004a, b; Rouhier et al., 2010) . Poplar GrxS14 and GrxS16, which can dimerize to assemble a [2Fe-2S] cluster, compensate for the yeast grx5 deletion mutant for FeS cluster assembly (Bandyopadhyay et al., 2008) . Meanwhile, holo GrxS14 is capable of transferring its FeS cluster to apo ferredoxin (Fdx) under anaerobic conditions (Bandyopadhyay et al., 2008) . Recently, reports state that E. coli GrxD can also form a [2Fe-2S] cluster containing homo-dimer or hetero-dimer with BolA, both capable of transferring the FeS cluster to apo Fdx (Yeung et al., 2011) . Therefore, poplar GrxS14/S16 and E. coli GrxD, which are CGFS-type monothiol Grxs, are likely to function as FeS cluster scaffold proteins.
The [2Fe-2S] clusters on poplar GrxS14 and human Grx2 are labile, and free GSH is required to stabilize the holo proteins ( Fig. S1 ) (Lillig et al., 2005; Berndt et al., 2007; Wang et al., 2011) . On the contrary, the [2Fe-2S] cluster in poplar dithiol GrxC1 (YCGYC active site) is more stable (Rouhier et al., 2007) , and no FeS cluster transfer activity is observed toward apo Fdx (Bandyopadhyay et al., 2008; Rouhier et al., 2010) . Therefore, it is believed that the lability of FeS cluster in monothiol holo Grxs is related to their FeS cluster transfer ability (Bandyopadhyay et al., 2008; Rouhier et al., 2010) . Nevertheless, the molecular mechanisms for the FeS cluster transfer reaction from holo Grxs to acceptor proteins remain unknown. In this work, we studied the mechanism of FeS cluster transfer from holo Grxs to apo Fdx using NMR and CD spectroscopies, and then analyzed the regulation of FeS cluster transfer process.
RESULTS
We probed the FeS cluster transfer reaction using poplar GrxS14 (pGrxS14) and apo Fdx from Synechocystis by NMR spectroscopy. The NMR sample contained 0.3 mmol/L 15 N-labeled apo Fdx and 0.6 mmol/L holo pGrxS14, with 1 mmol/L GSH in PBS buffer at pH 7.0. A series of 2D 1 H-15 N HSQC spectra were recorded to monitor the cluster transfer reaction under aerobic conditions. Immediately after mixing apo Fdx and holo pGrxS14, six NH signals of apo Fdx were perturbed by holo pGrxS14 and their intensities were decreased (Fig. 1A, black triangles) . The decrease of NH signal intensity was caused by the paramagnetic relaxation enhancement effect of the FeS cluster as a result of direct interaction between holo pGrxS14 and apo Fdx. As time went on, signature NH signals of holo Fdx appeared gradually with continuous increase in intensity (Fig. 2) , confirming that apo Fdx receives the [2Fe-2S] cluster from holo pGrxS14 and folds into holo Fdx. Since it was reported that there is no sign of cluster transfer from poplar GrxC1 (pGrxC1) to apo Fdx (Bandyopadhyay et al., 2008) , we investigated whether apo Fdx can interact with pGrxC1 through NMR. As pGrxC1 possesses a rather stable FeS cluster (Rouhier et al., 2007; Bandyopadhyay et al., 2008) , no free GSH was added in the NMR sample. All six NH signals of apo Fdx affected by holo pGrxS14 showed decreased intensities immediately after adding holo pGrxC1, and four more NH signals were weakened, indicating that apo Fdx has additional contacts with holo pGrxC1 compared with pGrxS14 (Fig. 1B, cyan  triangles) . Surprisingly, we observed that after a few hours, the signature NH signals of holo Fdx appeared in 2D 1 H-15 N HSQC spectra (Fig. S2 ). This finding suggests that holo pGrxC1 can also transfer the FeS cluster to apo Fdx. Furthermore, signature NH signals of holo Fdx were observed when we repeated the cluster transfer assay in the presence of EDTA, indicating that the formation of holo Fdx was not due to non-specific FeS cluster assembly. Clearly, the NMR assay produced different results from the previous FeS cluster transfer assay using CD spectroscopy (Bandyopadhyay et al., 2008) . The former assay with CD was carried out in an anaerobic environment in the presence of free GSH at pH 8.0, whereas the present NMR assay was carried out under aerobic conditions at pH 7.0 without free GSH. The NMR cluster transfer assay was repeated for pGrxC1 in the presence of 20 mmol/L GSH. No NH signal of holo Fdx could be observed even after 12 h, consistent with the results reported previously. This result suggested that free GSH has an inhibitory effect on FeS cluster transfer from holo pGrxC1 to apo Fdx. NMR spectroscopy is not sensitive for monitoring the early stage of the FeS cluster transfer, so we further analyzed the FeS cluster transfer from holo Grxs to apo Fdx using CD spectroscopy under aerobic environment for different solution conditions. We first compared the rate of cluster transfer for pGrxS14 between pH 7.0 and 8.0, and found that the initial transfer rate at pH 8.0 is 1.4 times faster than that at pH 7.0. Thus, the cluster transfer is faster at pH 8.0 (Fig. 3) . This result is similar to the situation described for holo ISU, which also displays a pH-dependent FeS cluster transfer rate toward apo Fdx. It was proposed that the deprotonation of the thiol group in cysteine would facilitate cluster transfer at higher pH values (Wu et al., 2002) . We then compared the cluster transfer rates for pGrxS14 in the presence of 1 and 20 mmol/L GSH. Free GSH was found to have an inhibitory effect on the FeS cluster transfer from holo GrxS14 to apo Fdx, and the initial rate is 50% slower with 20 mmol/L GSH (Fig. 3) . The assay with CD demonstrated that 45% FeS cluster was transferred from holo pGrxC1 to apo Fdx in 3 h without free GSH, and 20 mmol/L GSH almost completely abolished the cluster transfer (Fig. 4) . Meanwhile, holo pGrxC1 was relatively stable, and only 3% of the cluster of pGrxC1 was degraded under aerobic conditions in 3 h, without free GSH (Fig. S1 ). FeS cluster transfer assays with holo human Grx2 (hGrx2), another dithiol Grx with a [2Fe-2S] cluster, was performed. Findings showed that it is also capable of transferring FeS cluster to apo Fdx as monitored with either NMR or CD ( Fig. S2 and Fig. 4) . Unexpectedly, adding holo hGrx2 resulted in signal missing or chemical shift change for much more NH peaks of apo Fdx (Fig. 1C, orange triangles) , which are not affected by holo pGrxS14 and pGrxC1. This finding indicates that there are much more residues in apo Fdx involved in the interaction with holo hGrx2, and the interaction pattern between apo Fdx and holo hGrx2 may be quite different from those of pGrxS14 and pGrxC1. Up to 36% FeS cluster was transferred from holo hGrx2 to apo Fdx in 3 h (Fig.  4) , whereas 13% of the cluster was degraded for holo hGrx2 in the presence of free GSH under aerobic conditions (Fig.   S1 ). The efficiency of cluster transfer for hGrx2 is comparable to that of holo pGrxC1, and both are lower than that of monothiol pGrxS14. Free GSH can also inhibit FeS cluster transfer by holo hGrx2, wherein the cluster transfer initial rate is reduced by 40% with 20 mmol/L GSH (Fig. 4) . The addition of EDTA did not affect the cluster transfer, as indicated by NMR experiments. Therefore, it is not an artifact for holo hGrx2 to transfer its FeS cluster to apo Fdx. Overall, both monothiol and dithiol Grxs possess the ability to transfer FeS cluster to apo Fdx, regardless of FeS cluster stability. The cluster transfer rate is inhibited by free GSH.
Free GSH is required to stabilize holo pGrxS14 and hGrx2 because their FeS clusters are lost very quickly during an aerobic purification without GSH (Fig. S1 ) (Lillig et al., 2005; Wang et al., 2011) . One possible reason is that free GSH can bind holo Grxs and stabilize the complex of holo proteins. However, as 2D N-labeled holo pGrxS14 NMR sample with 2 mmol/L unlabeled GSH in the buffer and added diothionite into the sample under aerobic conditions to disrupt the FeS cluster and allow the release of ligand GSH into the buffer. After removing the precipitated protein, the sample was analyzed with NMR (Fig. S3) . The volume of GSH NH signal from the resulting sample was only 1.46-fold higher than that of the buffer alone (with 2 mmol/L GSH), suggesting that the released ligand GSH (1 mmol/L) is unlabeled. As the N-labeled GSH ligand produced in E. coli was completely replaced by unlabeled GSH in the buffer during purification process (~5 h). Therefore, the ligand GSH in holo pGrxS14 exchanges with free GSH in the buffer.
As the FeS cluster of holo pGrxC1 is rather stable, free GSH is absent for the purification process, and the 15 N-labeled holo pGrxC1 sample contains 15 N-labeled GSH (Feng et al., 2006) . We also tested whether the ligand GSH in holo pGrxC1 can exchange with free GSH. We carried out 2D N-labeled ligand GSH exchanged with the free unlabeled GSH. Thus, 15 N-labeled ligand GSH was released into the buffer and contributed to the intensity and volume increase of NH signals of GSH (Fig. 5) . After 15 h, the intensity of GSH signal increased 3.5-fold, indicating that ~20% of 15 N-labeled ligand GSH was replaced by unlabeled free GSH and released into the sample buffer. Therefore, the ligand GSH in holo pGrxC1 exchanges with free GSH in the buffer, although the ligand GSH is hardly dissociated from the FeS cluster in holo pGrxC1 by itself.
DISCUSSION
Monothiol and dithiol holo Grxs are capable of transferring the FeS cluster to apo Fdx in aerobic environments through direct interaction, regardless of the stability of the FeS cluster, although the transfer of FeS cluster from poplar GrxS14 to Synechocystis Fdx is much more efficient than those from poplar GrxC1 and human Grx2. Both pGrxS14 and hGrx2 have labile FeS clusters, so the efficiency difference is not related to the FeS cluster stability of holo Grxs (Fig. S1) . Our NMR data also demonstrated that apo Fdx has different interaction patterns compared with the three holo Grxs.
Although it was suggested that the ligand GSH of holo hGrx2 can exchange with free GSH based on the observation that incubation of unlabeled holo hGrx2 with radio-labelled GSH can result in radio-labelled holo hGrx2 (Lillig et al., 2005; Berndt et al., 2007) , the data do not rule out the possibility that the holo hGrx2 is labelled by simply binding additional GSH. We also treated the 15 N-labeled holo hGrx2 containing 2 mmol/L unlabeled GSH in the NMR buffer with dithionite. The 15 N-labeled ligand GSH produced in E. coli was completely replaced by unlabeled free GSH in the buffer during purification process (~5 h), the same as that of holo pGrxS14. Therefore, in this study, we provided the first direct evidence demonstrating that ligand GSH molecules of the FeS cluster in holo pGrxS14, pGrxC,1 and hGrx2 can be replaced by free GSH in the buffer regardless of the stability of the FeS cluster. Thus, it is very likely that the ligand GSH in all holo Grxs can exchange with free GSH. These data indicate that the coordination bond between ligand GSH cysteine and the iron of the cluster is relatively weak, which can be easily substituted by other cysteines containing molecules such as apo Fdx. Therefore, we propose that to complete the FeS cluster transfer reaction process from holo Grxs to apo Fdx, cysteine residues of apo Fdx should first substitute the two GSH ligands of the [2Fe-2S] cluster in holo Grxs, followed by the two cysteine ligands of Grxs. This procedure results in a direct competition between free GSH molecules and apo Fdx, causing an inhibitory effect on the cluster transfer reaction (Fig. 6) . We also suppose that the different interaction patterns of apo Fdx with the three holo Grxs are related to cluster transfer efficiency. The detailed reaction mechanism for FeS cluster transfer, e.g., how [2Fe-2S] cluster ligands are substituted, remains to be explored.
GSH is a key factor in the maintenance of the cellular redox status and an important component of the cytoplasmic labile iron pool. The level of cellular GSH can reach the millimolar concentration range (Rouhier et al., 2008; Zechmann and Russell, 2011) . Inside the cell, the concentration of GSH and the GSH/GSSG ratio can vary markedly in different tissues and cell types. They also change in response to different physiological or pathological conditions, such as oxidation stress (Rouhier et al., 2008) . Therefore, if Grxs serve as FeS cluster scaffold proteins in vivo, their functions are regulated by GSH. In different cellular compartments or under different physiological conditions, the efficiency of FeS cluster transfer varies. The FeS cluster transfer of holo Grxs is inhibited when the free GSH concentration is high, whereas it is accelerated when the free GSH content is low due to oxidative stress or translocation of holo Grxs.
Grxs have an important function in the regulation of iron homeostasis and in the FeS cluster biogenesis system (Lillig et al., 2008; Rouhier et al., 2010) , recently, GSH was also found to involve in the FeS cluster biogenesis system. Defects in the biosynthesis of cellular FeS proteins are associated with increases in GSH levels (Sipos et al., 2002) . In a mammalian dopaminergic cell line, depletion of GSH, which results in the defect of holo Grxs, decreases iron incorporation into mitochondrial complex I and aconitase (Lee et al., 2009 ). However, the exact functions of GSH and Grxs in this process remain unclear. More in vitro and in vivo studies are needed to reveal their functions.
MATERIALS AND METHODS

Protein sample preparation
The holo forms of pGrxS14, pGrxC1, hGrx2, and Fdx from Synechocystis sp. PCC 6803 were purified according to published procedures (Feng et al., 2005; Lillig et al., 2005; Feng et al., 2006; Bandyopadhyay et al., 2008; Wang et al., 2011) . After the purification of holo Grxs, UV-Vis absorption spectra of holo Grxs were detected. .
FeS cluster transfer assay with NMR
All NMR experiments were performed on a Bruker Avance 500 MHz spectrometer or a Bruker Avance 700 MHz spectrometer using a cryoprobe. For the FeS cluster transfer assay, 2D For the FeS cluster transfer from holo pGrxS14 or holo hGrx2 to apo Fdx, 1 mmol/L GSH was included in the samples. In the case of the holo pGrxC1, the experiments were carried out either without GSH or in the presence of 20 mmol/L GSH. The NMR samples were prepared either in 50 mmol/L PBS buffer with 50 mmol/L NaCl at pH 7.0 or in 100 mmol/L Tris-HCl buffer at pH 8.0.
FeS cluster transfer assay with CD
The FeS cluster transfer assay with CD spectroscopy was similar to the previously reported procedure (Bandyopadhyay et al., 2008) . The samples containing 45 μmol/L apo Fdx with 5 mmol/L DTT and the holo Grxs were added to a final concentration of 45 μmol/L to initiate the FeS cluster transfer reaction under aerobic conditions. CD spectra were recorded using a 10-mm cuvette with a 5-min interval for a period of 60 min for holo pGrxS14 and 180 min for holo pGrxC1 and hGrx2 at 25°C. The samples were prepared in 100 mmol/L Tris-HCl buffer at pH 8.0 or 50 mmol/L PBS buffer with 50 mmol/L NaCl at pH 7.0. A MOS-450 AF/AF-CD Fast modular UV-Vis Spectrometer/Polarimeter (BioLogic, France) was used for the measurements.
The effect of free GSH was determined by performing the FeS cluster transfer reactions without and with 20 mmol/L GSH for pGrxC1 or with 1 mmol/L and 20 mmol/L GSH for pGrxS14 and hGrx2. The CD spectrum of holo Grxs gradually changed to the spectrum of holo Fdx possessing a characteristic absorption peak at 428 nm. The efficiency of cluster transfer from holo Grxs was determined by the time course of intensity changes at 428 nm for holo pGrxS14 or 367 nm for holo pGrxC1 and hGrx2 with simulated data of 0% to 100% cluster transfer between holo Grxs and apo Fdx. For pGrxS14, the FeS cluster transfer from holo pGrxS14 to apo Fdx was 40%, 18%, and 28%, completed after 5 min with the following conditions: 1 mmol/L GSH at pH 8.0, 20 mmol/L GSH at pH 8.0, and 1 mmol/L GSH at pH 7.0. For pGrxC1, the completed FeS cluster transfer from holo pGrxC1 to apo Fdx after 1 h was 22% without GSH and 1.4% with 20 mmol/L GSH at pH 8.0, whereas the completed FeS cluster transfer from holo hGrx2 to apo Fdx after 1 h was 13% with 1 mmol/L GSH and 8% with 20 mmol/L GSH at pH 8.0.
The exchange of ligand GSH with the free GSH
For pGrxS14, a 0.5-mmol/L 15 N-labeled holo pGrxS14 sample was prepared in 30 mmol/L Tris-HCl buffer at pH 7.5, with 2 mmol/L unlabeled GSH and 5 mmol/L DTT. As an internal reference for comparing peak volumes, 2 mmol/L unlabeled N-Methyl acetamide was added in the NMR sample. Dithionite was added to the sample under aerobic conditions. White precipitates appeared after the brown color of the sample was bleached for a few minutes indicating that the [2Fe-2S] cluster was completely destroyed. This observation is similar to that of holo pGrxC1 (Feng et al., 2006) . However, in the case of pGrxS14, not all proteins precipitated. After removing the precipitated protein, the 2D 1 H-15 N HSQC spectrum was measured for the sample (Fig. S3) . One NH peak (8.22 ppm, 117.68 ppm) from GSH could be observed in the spectrum not overlapped with NH signals from the protein. An NH peak (7.80 ppm, 114.15 ppm) for N-Methyl acetamide was observed. We compared the volumes of this NH signal of GSH in the NMR sample buffer before and after the holo pGrxS14 was treated with dithionite. The peak volume ratio was 1.46, indicating that the released ligand GSH (1 mmol/L) was unlabeled, because 15 N-labeled GSH would result in a 137-fold volume increase.
For pGrxC1, a-0.5-mmol/L 15 N-labeled holo pGrxC1 was prepared in 50 mmol/L PBS buffer at pH 6.5 with 20 mmol/L DTT. Up to 10 mmol/L unlabeled GSH was added into the NMR sample. A series of 2D 1 H-15 N HSQC spectra were recorded at 25°C over a period of 15 h to monitor the change of NH signals. The intensities of NH signals from the protein did not change, but the intensities of the two NH signal from free GSH increased continuously, suggesting that 15 N-labeled GSH was released into the sample buffer. No signature NH signals for apo pGrxC1 appeared, so the increase of GSH signal intensity is not due to disassembly of holo pGrxC1. Instead, it resulted from the exchange between ligand GSH of holo pGrxC1 and free GSH.
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